The performance of water-reducing admixtures used in concrete is affected by the weather conditions to which the concrete mixture is exposed. The most used WRAs are lignosulfonate, naphthalene, and polycarboxylate. However, they react differently to weather conditions, especially to air temperature. Therefore, it can be useful to evaluate how temperature affects admixture performance. In this study, the performance of three admixtures (naphthalene, lignosulfonate, and polycarboxylate) was evaluated at 15, 25, and 35
Introduction
Over the past several decades, admixtures have increasingly been used to modify specific properties of concrete mixtures and to reduce costs. Such modifications often lead to an increase in workability, a reduction in water content, better control over setting time, and an increase in strength. Admixture effectiveness, with respect to both fresh and hardened concrete, depends on variables related to the cement, aggregates, and admixtures themselves, and also depends on external factors such as air temperature. Water-reducing admixtures stand out among the most used in concrete. They can be composed of various active ingredients, including lignosulfonate, naphthalene, and polycarboxylate. Such admixtures cause cement grains to disperse-and thus to have a plasticizing effect-through mechanisms of electrostatic repulsion and steric hindrance [1, 2] . Electrostatic repulsion, which explains how naphthalene and lignosulfonates work, is brought about by the adsorption of an (electrostatically negative) sulfonic group onto the surface of the cement grain, giving it a negative electrostatic charge. The predominance of negative charges on the surface of the grains leads to repulsion between particles, thus releasing the water that is held between them. In the case of steric hindrance, the mechanism that describes how polycarboxylates work is that the particles adsorbed onto the cement grain have long side chains, which have greater repulsive capacity because they serve as physical impediments that prevent grains from bonding.
Water reduction allows a decrease in the amount of cement used, which in turn reduces costs. However, waterreducing admixtures are based on various active ingredients. These may behave differently at given temperatures. Such variations become a concern for concrete plants and manufactures of precast concrete because the behavior of the concrete varies according to the season during which it was produced. In this context, the goal of this study is to assess the effect of temperature and admixture dosage on the performance-in fresh and hardened concrete-of the three water-reducing admixtures mentioned above.
Materials
The tests conducted in this study were carried out with mortar, as the performance of admixtures in concrete was found to correlate well with their performance in mortar [3, 4] . Pozzolanic cement (CP IV 32) with 28% fly ash content [5] was used together with two types of sand, that is, natural sand from dunes and from crushed rocks. Sand composition (in volume) was 35% natural fine sand and 65% manufactured sand. This composition has been found to be an excellent proportion by a concrete plant located in the area where this study was conducted. The physical properties of the sand (presented in Table 1) were assessed based on instructions found in [6] [7] [8] .
Three water-reducing admixtures produced by the same manufacturer were tested. Each admixture had a different active ingredient: lignosulfonate (L): 44% solid content and 0.13%, 0.26%, 0.40% dosages; naphthalene (N ): 40% solid content and 0.24%, 0.32%, 0.40% dosages; polycarboxylate (P): 30% solid content and 0.03%, 0.06%, 0.09% dosages. The above-mentioned dosages were measured with reference to cement mass and solid content (w.c %). These dosages were chosen based on values used to produce conventional concrete in concrete plants and recommended by the admixture manufacturers-the exception being polycarboxylate, which was employed at lower dosages, given its superior water-reducing capability.
Methodology
All of the experimental materials were kept in EPS (expanded polystyrene foam) boxes under controlled temperatures of 15
• C, 25
• C, and 35
• C for 24 hours. The nomenclature employed to designate each mortar mixture refers to three characteristics: the active ingredient, followed by the dosage, and, finally, the temperature at which it was studied; for example, L0.13-15 refers to a mixture containing 0.13% lignosulfonate and tested at 15
• C. To produce all of the mortars, a 0.55 w/c ratio was maintained and the above-mentioned admixture dosages were used. This w/c ratio is used by one of the concrete plants in the area where the study was conducted to produce concrete with specified compressive strength of 35,0 MPa at 28 days. Sand content would vary so that the initial consistency of the mortars, measured by means of the flow table test (before any strokes), would fall within a range of 180 to 200 mm. That is, for each mortar a mixture was first prepared with proportions equal to 1 : 1 : 0.55 (cement : mixed sand : water); the specified admixture was then introduced into the mixture, and finally, more sand was mixed in until the desired (initial) consistency was achieved. Total mixing time was 5 minutes. The mixing procedure applied to produce the mortar mixtures was kept the same, and this is presented as follows: (1) As mentioned above, once mixed, the initial consistency of the mortars was determined using the flow test (the truncated cone was raised allowing the concrete to flow out, without applying strokes) and its air content was measured.
Next, one part of the mortar was stored into EPS boxes (Figure 1 (a)) in order to determine the initial setting times indirectly through the analysis of time-temperature curves. The temperature (in addition to air temperature) was monitored using type K thermocouples connected to a data logger and computer ( Figure 1(b) ). Several studies have shown that the initial setting is characterized by a highly exothermic reaction, which occurs due to the hydration of cement compounds. Given this fact, the mortar was monitored to establish the exact time when its temperature starts to increase, which was taken to be the initial setting time. However, it is important to consider that the initial setting time determined by time-temperature curves is connected to the hydration kinetics. Therefore, the results presented herein represents an approximation of the initial setting time obtained by resistance penetration test.
The second part of the mortar mixtures was stored in containers, which were then sealed and kept in a climatecontrolled room where mortar consistency was assessed once every 20 minutes, for an hour.
Following this, two 5 × 10 cm (diameter × height) cylindrical specimens were molded in order to evaluate mortar compressive strength after 14 days. In order to exclude the influence of different curing conditions for each one of the different temperatures, the specimens were kept for one day in mould in climate-controlled room, unmolded, and then kept for another 13 days in 100% RH room until they were tested. Table 2 presents the test results. 
Results and Analysis of Results
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Effect of Temperature Variation and Admixture Dosage on Initial Consistency and Flow Loss.
With respect to initial consistency, the results presented in Table 2 and Figure 2 indicate that regardless of temperature, the polycarboxylatebased admixture is the most effective as it allows mixing larger amounts of sand, even at a low dosage (see Table 2 ). Naphthalene and lignosulfonate behaved similarly only at temperatures above 25
• C, the performance of lignosulfonate was slightly better than that of naphthalene.
In regard to capacity for maintaining consistency (Figures 3(a)-3(c) ), polycarboxylate behaves as expected for the specified dosages: at a fixed temperature, total flow loss increases as admixture dosage is raised. The higher the admixture dosage, the higher the sand content and the lower the cement paste/mortar ratio; flow loss therefore occurs more rapidly due to stiffening of the cement paste.
With respect to the influence of temperature variation on flow loss, as observed in Figures 4(a)-4(c) , the low polycarboxylate dosages used here were not conducive to obtaining conclusive results for this admixture. The flow loss curves in Figures 4(a)-4(c) all coincide, except for the P-0.06-25 curve.
In the case of naphthalene, when considering the effect of admixture dosage (see Figures 5(a)-5(c) ), it can be surmised that 0.40% exceeded the saturation dosage at T = 15
• C, given that flow loss was less important for N-0.40-15 than for N-0.32-15. With a 0.40% dosage, the naphthalene that was mixed into the mortar was not consumed entirely, thus yielding less flow loss, because of a residual amount of admixture.
An increase in temperature from 15 • C to 25
• C affects reactions kinetically, accelerating them, therefore raising the saturation point; in other words, at T = 25
• C, 0.40% is below the saturation dosage for naphthalene. Consequently, any residual amount of admixture was reduced, and flow loss was greater for N-0.40-25 than for N-0.32-25. At T = 35
• C, flow loss was similar across the mixtures because, in this case, it is attributed to accelerated admixture consumption due to the rise in temperature. It can therefore be concluded (for the dosages used in this study) that, contrary to what was observed at 15
• C, increasing naphthalene dosage at 35
• C did not contribute to maintaining consistency. In the case of lignosulfonate, when considering the effect of admixture dosage (Figures 6(a)-6(c) ), it is likely that 0.40% exceeded, by far, the saturation point at T = 15
• C and that this dosage was the cause of an appreciable segregation observed for this particular mixture. Thus, despite the presence of a residual amount of admixture, consistency was even more tightly linked to friction between particles in this situation, and, accordingly, flow loss was greater than could be expected. Still considering flow loss at T = 15
• C, it is likely that the 0.26% dosage was also above the saturation point, yet, no segregation was observed at this dosage. Consequently, flow loss was less significant, given that the effect of the admixture was prolonged.
Regarding the influence of temperature on flow loss for the mortars with naphthalene-based and lignosulfonatebased admixtures, Figures 7(a)-7(c) and Figures 8(a)-8(c) show that as the temperature rises from T = 15
• C to T = 25
• C, flow loss increases, whereas it decreases when the temperature rises from T = 25
• C to T = 35 • C. Note that the effect of temperature could not be determined for mixtures N-0.24-15; 25; 35 and L-0.13-15; 25; 35 given the low admixture dosages used in these cases (see Table 2 ).
Effect of Temperature Variation and Admixture Dosage on Air Content. With respect to air content (see Figures 9(a)-9(c))
, results show that polycarboxylate has the greatest airentraining capability, especially at dosages above 0.06; it is followed by lignosulfonate and naphthalene, respectively.
In regard to the effect of temperature variation on air content (see Table 2 ), results indicate that the naphthalenebased admixture is the least influenced by temperature. For lignosulfonate and polycarboxylate, air content tends to decrease as temperature rises, except at low dosages.
Effect of Temperature Variation and Admixture Dosage on
Initial Setting Time. The time-temperature curves obtained for each one of the mortars produced are presented in Figures 10(a)-10(c) . The initial setting time defined for the mixtures is surmised in Table 2 .
In regard to the effect of temperature variation on the initial setting time (Figures 11(a)-11(c) ), the results obtained indicate that an increase in temperature from 25
• C to 35
• C had little effect on initial setting time, regardless of the active ingredient. However, dropping the temperature to T = 15
• C delayed initial setting in all cases. It is surmised that, below 25
• C, hydration reactions are slowed down considerably. With respect to the influence of admixture dosage, naphthalene content had the least effect on initial setting time, followed by polycarboxylate dosage and lignosulfonate dosage, respectively. The potent retarding effects of lignosulfonate-based admixtures are well known and amply discussed in the literature [1, 9, 10] .
The variation in the initial setting time could also be attributed to the different aggregate/cement content in the mortar mixtures. However, the results presented in Figures 11(a)-11(c) indicate that, for the mixes herein analyzed and particularly for the lignosulfonate, the influence of the admixture dosage is more pronounced than the variation in the aggregate/cement content. it can be seen that at T = 25 • C, naphthalene and lignosulfonate dosages had less effect on compressive strength than polycarboxylate dosage. In the case of lignosulfonate at Advances in Civil Engineering Regarding the influence of temperature variation, also presented in Figures 12(a)-12(c) , it appears that the compressive strength of mortars with naphthalene-based admixtures decreases as temperature rises. No such trend was noted for the two other active ingredients.
Conclusion
In this study, mortar mixtures containing admixtures based on three different active ingredients were produced and subjected to different temperatures in order to evaluate the effect of temperature on admixture performance. Bearing in mind what materials and dosages were employed in these tests, the following conclusions were reached. Due to variations in the kinetics of hydration reactions, admixture saturation dosage and flow loss performance vary with temperature; an increase in temperature leads to an increase in saturation dosage. With respect to the maximization of sand content, polycarboxylate had the best performance. In regard to initial setting time, lignosulfonate had the most pronounced retarding effect, followed by polycarboxylate, and, finally, naphthalene. A rise in temperature from 15
• C to 25
• C was more significant in reducing the initial setting time than an increase from 25
• C to 35 • C, which had little effect. Considering the weather conditions in the area where the study was carried, the final finding would be that the naphthalene-based admixture had the best performance, given that it leads to low air content, and had little effect on initial setting time. Nevertheless, it should be emphasized that the polycarboxylatebased admixture was used here at dosages lower than those recommended by its manufacturers and employed in industry.
